Heterostructures comprising different monolayer semiconductors provide an attractive setting for fundamental science and device technologies, such as in the emerging field of valleytronics. We realized valley-specific interlayer excitons in monolayer WSe 2 -MoSe 2 vertical heterostructures. We created interlayer exciton spin-valley polarization by means of circularly polarized optical pumping and determined a valley lifetime of 40 nanoseconds. This long-lived polarization enables the visualization of the expansion of a valley-polarized exciton cloud over several micrometers. The spatial pattern of the polarization evolves into a ring with increasing exciton density, a manifestation of valley exciton exchange interactions. Our work introduces van der Waals heterostructures as a promising platform from which to study valley exciton physics.
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V an der Waals heterostructures of twodimensional (2D) materials provide an exciting platform for engineering artificial material systems with distinct properties (1) . A beautiful example is the demonstration of the Hofstadter butterfly physics in moiré superlattice structures composed of graphene and hexagonal boron nitride (2) (3) (4) . As the library of 2D crystals is explored further, the range of possible new phenomena in condensed matter physics becomes ever more diverse. For example, heterostructures of 2D semiconductors [namely, transition metal dichalcogenide monolayers (MX 2 )] have been assembled with type-II band alignment (5) (6) (7) (8) , in which electrons and holes energetically favor different layers (Fig. 1A) . These heterostructures form atomically thin p-n junctions that can be used for photon-energy harvesting (9) (10) (11) (12) (13) (14) (15) and host interlayer excitons (X I ), with the Coulombbound electron and hole located in different monolayers (14) (15) (16) (17) . This species of exciton has a lifetime far exceeding those in monolayer MX 2 , and the vertical separation of holes and electrons entails a permanent out-of-plane electric dipole moment, providing an optical means to pump interlayer electric polarization and facilitating electrical control of interlayer excitons (17) .
The interlayer excitons in 2D heterostructures are similar to spatially indirect excitons in III-V quantum wells (18) (19) (20) (21) (22) . In both systems, the electron-hole wave function overlap is reduced in the out-of-plane direction, suppressing the magnitude of exciton oscillator strength and the electron-hole exchange interaction. This leads to greatly enhanced population and spin lifetimes for spatially indirect excitons as compared with their direct exciton counterparts.
MX 2 heterostructures possess several features distinct from quantum well systems. First, the monolayers' band edges are at doubly degenerate corners of the hexagonal Brillouin zone, so X I has an internal degree of freedom specified by the combination of electron and hole valley indices (23) . Second, the twist angle between the crystal axes of constituent monolayers leads to a displacement of the conduction and valence band edges in momentum space, making the X I darkmomentum indirect-at its minimum energy and bright only at finite center-of-mass velocities. The location of the X I light cones depends on the twist angle between the monolayers, allowing for control over the optoelectronic properties (24) (25) (26) , such as the dipole strength and interlayer exciton lifetime (27) . Third, the constituent MX 2 monolayers exhibit valley-contrasting physical properties such as spin-valley locking, optical selection rules (28) (29) (30) , and Berry curvature (23) . The inheritance of valley physics in twisted MX 2 heterostructures is predicted to give rise to previously unknown optical and transport properties of X I (27) , allowing the possibility of excitonic optoelectronic circuits with valley functionalities and providing a platform for investigating excitonic superfluidity and condensation (31) .
We observed long valley lifetime and valley driftdiffusion of X I in MoSe 2 -WSe 2 heterostructures with small twist angles. Our devices consist of a pair of exfoliated monolayers of WSe 2 and MoSe 2 , which are stacked by means of dry transfer (32) on a 285-nm insulating layer of SiO 2 on a silicon substrate. We used standard electron beam lithography techniques to fabricate metallic contacts (V/Au) on the heterostructure, and the silicon substrate functions as a global backgate, as shown in Fig. 1A (33) . The optical brightness of the X I depends sensitively on the relative alignment of the two constituent monolayers. Theory shows that for twist angles near zero or 60°, there exist light cones at small kinematic momenta in which the X I can directly interconvert with photons (27) . In such heterostructures, the X I can radiatively recombine after scattering into these light cones through, for example, exciton-phonon or excitonexciton interactions (27) . In our study, we focused on this type of heterostructure. To fabricate such samples, we identified the armchair axes of individual monolayers by means of polarizationresolved second-harmonic generation and then aligned these axes ( fig. S1 ). This yields heterostructures with twist angles near zero or 60°(33). As such, the X I can be observed in photoluminescence (PL), even at room temperature ( fig. S2 ). All data in the main text are taken at a temperature of 30 K from the device shown in the optical microscope image in Fig. 1B , with WSe 2 stacked on MoSe 2 , and the excitation laser energy in resonance with the A exciton of WSe 2 (1.72 eV).
We first performed polarization-resolved PL at zero gate voltage (V g = 0 V). We applied circularly polarized continuous-wave laser excitation and separately detected the right circular (s The observation of circularly polarized PL demonstrates that the X I can retain memory of the excitation light helicity, which is a consequence of the valley optical selection rules in 2D heterostructures (27) . In the following, we discuss the generation of valley polarization in heterostructures near AA-like stacking (twist angle near 0°) (Fig. 1D ), but similar conclusions can be drawn for heterostructures near AB-like stacking (twist angle near 60°) ( fig. S5 ) (33). The valley configuration of X I is specified by the valley indices of its electron and hole. With the spinvalley locking in monolayer MX 2 , a universal assignment of the valley index is applicable in the twisted heterostructures, and here we denote the valley with electron spin up as +K and spin down as −K in both layers. First, s + excitation creates valley-polarized intralayer excitons in the +K W valley in WSe 2 and +K M valley in MoSe 2 . Next, charge carriers relax to the heterostructure band edges through interlayer charge transfer on subpicosecond time scales (11, 15) to form X I . Because of the large momentum difference, interlayer hopping between +K W and −K M valleys is strongly suppressed. Conversely, the +K W and +K M valleys have small momentum mismatch, and the spinconserving interlayer hopping between these valleys becomes the dominant relaxation channel. Therefore, the s + excitation leads to valley-polarized X I (Fig. 1E) . The situation for s − excitation can be obtained through time reversal. The radiative recombination of the valley-polarized X I is facilitated by the interlayer coupling, which allows emission of photons that are co-polarized with the excitation source (27) . We found that the degree of X I valley polarization can be electrically controlled by the gate. Shown in Fig. 2A are polarization-resolved PL spectra at selected V g under s + excitation with 50-ps laser pulses. There is a strong gate dependence of the valley polarization, which is greatest at +60 V and highly suppressed at −60 V (the full data set is provided in fig. S6 ). In Fig. 2B , we show the decay of co-polarized (Fig. 2B, black) and cross-polarized (Fig. 2B, red) interlayer exciton PL, as well as the degree of polarization (Fig. 2B, blue) , at the same V g values as in Fig. 2A (the full data set is provided in fig. S7 ). The valley polarization lifetime increases with V g , reaching 39 ± 2 ns at +60 V, as determined by fitting a single exponential decay. We also measured long valley lifetimes in heterostructures with the opposite stacking order (MoSe 2 on WSe 2 ) ( fig. S8) .
These measurements imply a strong suppression of intervalley scattering for the X I and a valley lifetime several orders of magnitude longer than that of intralayer excitons in monolayers, in which valley depolarization occurs on picosecond time scales (34) (35) (36) . Our measurement also shows that the initial PL polarization of X I is 40% at +60 V. The imperfect initial valley polarization of X I is likely due to valley depolarization of intralayer excitons in the constituent monolayers, which mediate the X I formation. Because the X I is dark at the minimum of the energy dispersion (27) , caused by the finite twisting angle and slight lattice mismatch between the two layers, it effectively provides a reservoir from which the X I are scattered into the light cones and luminesce. The momentum-indirect nature of X I is supported by temperature-dependent measurements, which show enhanced lifetime at low temperature ( fig. S9 ). This complicated exciton-light coupling is likely responsible for the subtle but intriguing features in Fig. 2B , such as the increase of PL lifetime accompanying the decrease of valley polarization lifetime. However, future studies are required to gain a clear understanding of the microscopic mechanism for the observed gate-dependent PL dynamics of the X I . The long valley lifetime of the X I allows visualization of their lateral drift and diffusion. A sequence of spatial maps of the X I PL polarization under pulsed excitation (40 MHz repetition rate) at V g = 60 V is displayed in Fig. 3A for selected average excitation powers. The spatial pattern of r shows the evolution of a ring with a diameter that increases with excitation intensity (the full data set is available in fig. S10 ). The pattern of polarization stands in contrast to the spatial distribution of the emission. The polarizationresolved PL intensity spatial maps are shown in Fig. 3B at 20 Fig. 3C gives the average PL intensity and r as a function of the distance from the beam center for the 40 mW case. The data show the driftdiffusion of s + (Fig. 3C, black) and s − (Fig. 3C, red) polarized excitons away from the laser spot (0.7 mm full-width at half maximum) (Fig.  3C , dashed line) as well as the ring of larger r (Fig. 3C, blue) , demonstrating the striking difference between the spatial distribution of polarization and the total density of X I . One possible explanation for the observed polarization ring is density-dependent intervalley scattering. However, consideration of the valley polarization as a function of excitation intensity suggests otherwise ( fig. S11) . Rather, the observed spatial patterns in the valley polarization can be understood as manifestations of valley-dependent many-body interactions in the dense interlayer exciton gas (33). The spin-valley polarized X I , which possess out-of-plane dipoles, interact through dipole-dipole and exchange interactions, both of which are repulsive. Because of the small interlayer separation of~7 Å, we estimate that the exchange interaction is stronger than the dipoledipole repulsion (33). Because the exchange interactions are appreciable only between excitons of the same valley species (33), in a cloud of valleypolarized interlayer excitons the majority valley excitons experience stronger mutually repulsive force ( fig. S13A ), leading to more rapid expansion than that of the minority valley excitons ( fig.  S13B ). On the other hand, the density gradient of excitons will also give rise to diffusion, which is valley-independent and does not produce a ring pattern. Therefore, the relative strength of the diffusion and valley-dependent drift controls the pattern of the spatial polarization. If the interlayer exciton density is large enough that the valleydependent repulsive interaction dominates the expansion of the exciton gas, higher valley polarization can appear away from the excitation center ( fig. S15 ). Indeed, a pronounced ring in the polarization is generated at sufficiently high excitation intensity, as seen in Fig. 3A. A temperature difference between the majority and minority X I could, in principle, cause them to expand at different speeds. However, under excitation by polarized laser pulse, the minority excitons are created at the excitation spot through intervalley relaxation. Because the relaxation of this internal degree of freedom does not change the kinetic energy of the exciton, the majority and minority X I are expected to have the same initial temperature before the expansion of the exciton cloud. This precludes valleydependent temperature as a driving force for the ring formation. 
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Integration of electrochemical capacitors with silicon-based electronics is a major challenge, limiting energy storage on a chip. We describe a wafer-scale process for manufacturing strongly adhering carbide-derived carbon films and interdigitated micro-supercapacitors with embedded titanium carbide current collectors, fully compatible with current microfabrication and silicon-based device technology. Capacitance of those films reaches 410 farads per cubic centimeter/200 millifarads per square centimeter in aqueous electrolyte and 170 farads per cubic centimeter/85 millifarads per square centimeter in organic electrolyte. We also demonstrate preparation of self-supported, mechanically stable, micrometer-thick porous carbon films with a Young's modulus of 14.5 gigapascals, with the possibility of further transfer onto flexible substrates. These materials are interesting for applications in structural energy storage, tribology, and gas separation.
T he plethora of portable electronic devices and the continued expansion of electronics into new mobile applications highlight the need for high-performance miniaturized electrochemical storage devices able to deliver energy from their environment. Radio frequency identification (RFID) tags for the development of smart environments are another critical application that requires compact energy storage. Accordingly, designing efficient miniaturized energy storage devices for energy delivery or harvesting with high-power capabilities remains a challenge (1) .
Electrochemical double-layer capacitors (EDLCs), also known as supercapacitors, store the charge through reversible ion adsorption at the surface of high-surface-area carbons. Aside from an outstanding cycle life, this electrostatic charge storage results in devices with medium energy density (~6 W·h kg ) and high power densities (>10 kW kg −1 ). As a result, supercapacitors complement-or can even sometimes replacebatteries in applications from electronics to public transportation and renewable energy storage, in which high-power delivery and uptake and very long cycle life are required (2) . A large variety of materials such as graphene (3) (4) (5) , nanotubes (6, 7), carbide-derived carbons (CDC) (8, 9) , and pseudocapacitive materials (1, 10, 11) have been explored in micro-supercapacitors in the past 5 years. Much of the recent work focused on the use of wet processing routes (using colloidal solutions or suspensions of particles for the electrode preparation) for the development of flexible micro-devices for printable electronics (1, 4, 5, 12) . However, the wet processing methods are not fully compatible with semiconductor device manufacturing used in the electronics industry, thus hampering supercapacitor manufacturing on silicon chips. Vapor phase methods, such as atomic layer deposition, are limited to the preparation of thin layers of active materials, limiting the areal energy and power performance of the electrodes (13, 14) . Direct growth of graphene or carbon nanotubes on a Si wafer results in low-energy-density devices (15) . The pioneering concept of laser scribing of graphene developed by Kaner's group for preparing flexible micro-supercapacitors has shown outstanding power performance but fails to achieve high areal capacitance (< 5 mF cm -2 ) (3, 5) . Another strategy is to use pseudocapacitive materials, which have a larger capacitance, but moving from pure double-layer to pseudocapacitive charge storage comes with disadvantages, such as a decrease in power capabilities and cycle life because of the kinetic limitations of the redox reactions (10, 11, (16) (17) (18) (19) (20) . Bulk CDC films (8, 9, 21) have shown high capacitance and high areal and volumetric energy density but poor integrity of the film from cracking and delamination (9) .
To produce carbon films, TiC coatings of several micrometers in thickness were deposited by using a direct current magnetron sputtering (DC-MS) technique (supplementary materials, materials and methods). Shown in fig. S1A is a cross section of a 6.3-mm-thick TiC film deposited onto a SiO 2 -coated Si wafer, by using the DC-MS technique. The resistivity, thickness, and mechanical stress of the TiC film can be fine-tuned by changing the deposition parameters ( fig. S1 , B and C). The film thickness changes linearly with the deposition time ( fig. S1D) , and films up to 20 mm thick could be prepared, with controlled roughness (fig. S1E ). Samples were placed in a furnace and chlorinated at 450°C, thus transforming SCIENCE sciencemag.org 12 
